Abstract. The suitable greenhouse microclimate is the necessary for the normal growth of indoor crops. However, in many countries, especially in developing countries, the greenhouse production is relatively backward and mainly used for off-season production of crops without high quality and high yield. In this paper, the control methods and strategies of greenhouse microclimate are classified and summarized. The discussion has certain reference significance for scientific and technological workers to do the related research.
Introduction
After World War II, the world situation was relatively stable, and all countries began to focus on their own economic development. With the rapid development of science and technology, many advanced technologies, such as biotechnology, automatic control, have been applied to greenhouse production, and the greenhouse industry has been developing rapidly. At present, the greenhouse production is spread from the cold high latitudes to the hot low latitudes. In some developed countries, the modern greenhouse can overcome the adverse climate effects, such as severe cold and hot weather, and realize the annual production of crops, so as to improve crop yield and quality. However, in many other countries, especially in developing countries, the greenhouse production is relatively backward and mainly used for off-season production of crops without high quality and high yield.
In the process of greenhouse production, the control of microclimate is a very important guarantee for achieving high quality and high yield of crops. However, the control of greenhouse microclimate is very complicated, because it involves many aspects. At first, there are more than one environmental factor in greenhouse that need to be considered, and the main indoor environmental factors are indoor air temperature, air humidity, illuminance and CO2 concentration. And what's more, there is a certain coupling relationship between them. In order to control the main indoor environmental factors in suitable ranges, the equipment adopted in different greenhouses are various. The equipment usually used includes various types of heaters, fans, sprayers, wet curtains, fill-in lights and CO2 enrichment, and so on. The greenhouse microclimate is also affected by outdoor climate. In the actual production process, it's also necessary to consider the energy consumption produced by the control of greenhouse microclimate. Therefore, scientists and technicians study the control issue of greenhouse microclimate from various perspectives, and correspondingly, the control methods are various. In this paper, the control methods and strategies of greenhouse microclimate are summarized, hoping to provide some reference for researchers engaged in the control of greenhouse microclimate.
PID Control
PID control is not only widely used in the field of industrial control, but also widely used in the field of greenhouse microclimate control. Because the dynamic characteristics of greenhouse vary greatly, it's difficult to achieve satisfactory performance in the whole operation range by the conventional PID control. Most researchers improved traditional PID or adopted other methods to optimize it. Yu et al. modified the two order differential term in the traditional PID control differential term, and used it to control the opening degrees of both hot water pipe and roof windows, so as to improve the an-ti-interference ability of the control system [1] . Qu et al. used fuzzy control to modify the gain terms of PID controller, and used it to adjust the opening of a heating valve [2] . Lei et al. also adopted a similar method to control the opening degrees of both hot water pipes and windows [3] . In addition to fuzzy control, neural network and genetic algorithm are also widely used to optimize PID controller. Peng used BP neural network to realize the on-line self-tuning of PID controller parameters, and used it to control a hot air blower in greenhouse [4] . Hu et al. used RBF neural network to adjust the parameters of PID controller online [5] . Wang et al. used the Hebb learning algorithm in neural network to adjust the parameters of two PID controllers online, to control a ventilation and spray system [6] . In view of the above same system, Hu et al. used non dominated sorting genetic algorithm to realize the real-time adjustment of PID controller [7] . Generally, PID control is mainly used for single device which can be continuously adjusted. When there are many devices or multiple indoor environmental factors to be considered, it is difficult to maintain a good global performance by PID control, due to the lack of coupling information between variables.
Fuzzy Control
Different from PID control, when using fuzzy control, both the variety of devices and multiple controlled environmental factors can be considered together. Therefore, fuzzy control is very suitable for the greenhouse microclimate control system. Researchers have done many related researches. Wang et al. realized the fuzzy control of an infrared heater in greenhouse [8] . Zhu et al. realized the fuzzy control of a fuel heater in greenhouse [9] . Javadikia et al. compared fuzzy control with on-off control of greenhouse system by considering indoor air temperature and relative humidity [10] . Gong et al. classified the roof windows, rolling screens, shading nets, fans and sprayers, according to their influence on indoor air temperature and humidity. Then they realized the fuzzy control of the greenhouse system in simulation [11] . Chao et al. studied the hierarchy control of a ventilation and heat system, and realized the trade-off between energy consumption and control accuracy through parameter adjustment [12] . In order to reduce the complexity of fuzzy control, Kolokotsa et al. designed two fuzzy controllers. One is used to control indoor air temperature and relative humidity, and the other is to control illumination and CO2 concentration [13] . The fuzzy rules and membership functions cannot be automatically modified after setting, so the parameters of fuzzy controllers should be adjusted according to the change of the controlled objects. Yang et al. designed a fuzzy setting algorithm for the proportional factor, which was used for online tuning of scale factor of controller [14] . Zhu et al. used genetic algorithm to optimize the membership function of fuzzy controller directly [15] . Mohamed et al. integrated fuzzy control, neural network and genetic algorithm and used them in greenhouse control system [16] . Generally, fuzzy control can be adopted when the device can be continuously adjusted or when a number of switch gears constitute a step regulation system. When neural network and genetic algorithm are used to optimize the fuzzy rules and membership functions, it should be noted that the optimization time should not be too long, so as not to affect the real-time performance. Specially, this may be a very troublesome problem when inexpensive microcontrollers are used to implement corresponding algorithms.
Model Predictive Control
Model predictive control is a kind of computer control algorithm appeared in the field of industrial process control, appeared in the 1970s. Its basic principle consists of three steps [17] . The first step is to predict the future dynamic behavior of system under a certain control, according to the process model. The second step is to solve the optimal control function and implement the current control, according to the given constraints and performance requirements. The third step is to modify the prediction of future system dynamic behavior by detecting real-time information in each step. Many scientists and technicians have applied model predictive control to greenhouse microclimate control. Zhou et al. constructed ARX model and ARMAX model of indoor air temperature, and studied the model predictive control of roof windows [18, 19] . Li et al. studied the generalized predictive control method of roof windows and shading nets [20] . Pinon et al. studied the control of heating system in a greenhouse under various conditions, by combining model predictive control and feedback linearization [21] . Gruber et al. designed the model predictive control strategy of natural ventilation system, based on a two order Volterra series of indoor air temperature [22] . Rodríguez et al. combined generalized predictive control and feed forward control, and applied them to a natural ventilation system in greenhouse [23] . Ghoumari et al. constructed the differential equation of the indoor air temperature, relative humidity and CO2 concentration, and then used model predictive control to realize the coordinated control of roof windows, heating system and CO2 enrichment [24] . Senent et al. used simulated annealing algorithm to optimize the cost function of model predictive control, and studied the control method of greenhouse ventilation and spray system in simulation [25] . Arpaia et al. used differential discrete particle swarm optimization to optimize the model predictive control of greenhouse system [26] . Coelho et al. also used particle swarm optimization to optimize the cost function, and realized the model predictive control of greenhouse heating and ventilation system [27] . Blasco et al. added the energy and water consumption of greenhouse operation in the target function, and used genetic algorithm to optimize the target function to realize the model predictive control of roof windows and humidifier [28] . Similar to the fuzzy control, the model predictive control can be used when the device can be continuously adjusted, or when a number of switch gears constitute a step regulation system. In addition, it is still necessary to establish a suitable predictive model for the model predictive control, although it is not necessary to establish a highly accurate predictive model. Different from many other control problems, the indoor environmental factors of greenhouse are affected by many factors, and some factors have great randomness, such as wind speed. Therefore, it is also a problem worthy of study to construct an online prediction model of indoor environmental factors. We will focus on the online prediction modeling of greenhouse microclimate factors in other articles.
Robust Control and Adaptive Control
There are many factors that affect the greenhouse microclimate, and it is difficult to completely suppress or compensate the disturbance caused by these factors. Therefore, some researchers have studied the control issue of greenhouse microclimate from the point of view of robust control and adaptive control. Linker et al. used artificial neural network to train the model to overcome the influence of wind speed and wind direction, and then studied the synergistic robust control of indoor air temperature and CO2 enrichment [29] . Moreno et al. adopted the quantitative feedback theory to study the robust control of greenhouse air temperature under the condition of ventilation uncertainty [30] . Berenguel et al. used feed forward compensation to reduce the influence of external disturbance, and used recursive least square to estimate the parameters of linear model in real time, so as to realize the adaptive control of greenhouse air temperature [31] . Luan et al. proposed a robust adaptive control method of greenhouse microclimate based on feedback linearization and RBF neural network [32] . Speetjens et al. adopted extended Calman filter to evaluate and adjust the parameters of greenhouse temperature and humidity dynamic model on line, which made the prediction model have a certain adaptive ability [33] . The idea of robust control and adaptive control is very applicable for greenhouse microclimate which is influenced by many factors. The above researches focus on how to track the setting points of the indoor controlled environmental factors. However, in the actual control process, it is not necessary to control the environmental factors at a certain point, but only to maintain them within certain ranges. Therefore, the robust control and adaptive control can be combined with the interval control to explore the suitable control method for greenhouse microclimate.
Multi-objective Compatible Control
Indoor air temperature, relative humidity, and energy consumption are all important factors that should be considered in the control of greenhouse microclimate. Multiple control targets in the traditional precise control are all "point" control targets, but in the actual control process, the multiple "point" control targets are often incompatible. On the one hand, there is a strong coupling between indoor temperature and relative humidity; on the other hand, the operation of the same equipment usually affects both indoor temperature and relative humidity. Therefore, it is very difficult for all control objectives to achieve optimal states. Even if all the environmental factors can be controlled at certain points accurately, it is usually at the expense of high energy consumption, which can not meet the profit requirements of growers. From this point of view, the control of greenhouse microclimate is a very complex work with multiple conflicting objectives. Xu et al. proposed a framework of conflict multi-objective compatible control and studied it [34] [35] [36] . In conflict multi-objective compatible control algorithm, the control objective is sub optimal interval target instead of precise point target.
As the control target is relaxed, there is a lot of room to coordinate the conflict between the control precision of each environmental factor and the energy consumption of the greenhouse. Yang et al. applied the weight trade-off method to the three control objectives of energy consumption, temperature and relative humidity to achieve the compatible and optimized control [37] . Zhu et al. integrated the preference information of energy saving into genetic algorithm, and realized the energy saving control of indoor air temperature [38] . Hu et al. applied multi-objective evolutionary algorithm and genetic algorithm to coordinate two PID controllers successively, and studied multi objective compatible control of greenhouse system [39, 40] . Ramirez et al. studied the multi-objective conflict control problems, including maximizing profits, fruit quality and water use efficiency [41] . The idea of conflict multi-objective compatible control is suitable for greenhouse microclimate control. However, it is only a control framework. In this framework, it is necessary to adopt appropriate control methods for each specific device or system composed of multiple devices. At present, there are not many related studies, and further studies are needed in order to really solve the control problem of greenhouse microclimate.
Hybrid Control
Many equipment used in greenhouses just have two working states: ON and OFF, which means that the control system of greenhouse microclimate not only includes the continuously changing environmental factors, but also includes the discretely variable control signals. Therefore, the control system is a typical hybrid system. At present, the main hybrid control methods used for greenhouse microclimate are switched system control, hybrid automata control and hybrid logic dynamic control. Wang et al. constructed a switched system of greenhouse based on the switching state combinations of different devices, and then optimized the switching control of devices based on the prediction model under each switching state combination [42] . Qin et al. realized the switching control of a roof window of greenhouse based on hybrid logic dynamic model [43] . Subsequently, Yang et al. and Qin et al. studied the switching control of a roof window of greenhouse based on hybrid automaton model [44, 45] . Jiang et al. studied the switching control of a wet pad of greenhouse based on mixed logic dynamic model [46] . In view of the nighttime heating of greenhouse in the Mediterranean area, Montoya et al. used a hybrid logic dynamic method to study the switching control of two heating modes in greenhouse [47] . Chu et al. adopted hybrid automata to study the automatic control of greenhouse temperature system, which included a roof window, a fan and a wet pad [48] . Xu et al. also considered the same three kinds of equipment [49] . They divided the operating modes of greenhouse according to the ON/OFF combinations of equipment. Then, they studied the energy-saving switching control between different operating modes based on the prediction value in a finite time horizon of indoor temperature model. Rajaoarisoa et al. constructed a piecewise affine model of greenhouse air temperature and relative humidity [50] . The combination of different intervals of radiation intensity and wind speed was used as discrete event input, triggering the switch between subsystems. Among the three methods mentioned above, compared with hybrid automata control and hybrid logic dynamic control, the switched system control method does not need a lot of mathematical calculation, and it is relatively simple and closer to practical application. However, the application of hybrid system control in greenhouse microclimate is still in the initial stage. In the above studies, only one indoor environmental factor and few devices are involved. If more indoor environmental factors and more devices are involved, the design of switching rules is a thorny problem, which is the focus of future research.
Hierarchical Control
The complexity of greenhouse production is not only shown in the nonlinear, time-varying, multivariable and strong coupling of multiple environmental factors, but also in the different time scales involving physical, chemical and biological processes. From the point of view of sampling and control of indoor environmental factors, greenhouse control system is a fast time-varying system with minute as time unit. According to the accumulated temperature theory of crops [51] , the growth and development of most crops are mainly related to the accumulated temperature in one day and even longer period, but not with the real time temperature. Therefore, from this point of view, the greenhouse control system is a medium time-varying system with days as time unit. But from the point of view of the economic benefit of greenhouse production, the greenhouse control system can be studied in terms of annual or crop growth period. Therefore, in view of the different time scales existing in greenhouse production, some researches adopted hierarchical control to study the control of greenhouse microclimate. Henten et al. divided the greenhouse microclimate control into two time scales [52, 53] . The slow time variables include the quality of crop dry matter, and the fast time variables include the indoor air temperature and humidity. Rodriguez et al. also designed a two level control strategy of greenhouse microclimate. The upper layer consists of a function composed of expected output, related input cost or expected harvest date to solve the optimization problem; the lower layer realizes the real-time tracking control of the setting point of the environmental factor [54] . Based on the singularly perturbed theory, Ramón et al. simulated the optimal control of a greenhouse system with two time scales [55] . Li et al. also adopted the singular perturbation theory to design the hierarchical control for greenhouse system, but the integrated control system is divided into three levels of fast, medium and slow speeds [56] . It is inevitable to adopt the hierarchical control strategy by considering the whole greenhouse production process. Just as the conflict compatible multi-objective control, the hierarchical control strategy is a control framework. It is necessary to adopt appropriate control methods for each specific device or system composed of multiple devices. The related research is in the initial stage and needs further study in the future.
Conclusions
From the above introduction of various control methods and strategies, it is difficult to solve the control problem of greenhouse microclimate by using only one control method or strategy. It is the right way to integrate multiple control methods and strategies. A control method suitable for the greenhouses in one area may not be suitable for the greenhouses located in other areas, because of different climatic conditions and various devices. Therefore, it is difficult to form a unified control method, which is one of the difficulties in the control study of greenhouse microclimate. However, the greenhouse system also has its commonalities. For example, the greenhouse microclimate has a large humid-thermal inertia, so the predictive control idea is universally applicable. For another example, the control of greenhouse microclimate involves multi-time scale issues, so the idea of hierarchical control strategy is generally applicable. The hybrid system control idea is generally applicable when there are a number of devices with ON/OFF working statuses in a greenhouse. It is a correct way to study the control methods of greenhouse microclimate by synthesizing multiple control methods and strategies. On the basis of understanding the commonness of greenhouse microclimate system, the control methods can be studied by combining local climate characteristics, indoor environmental factors concerned and specific devices.
